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Polarization of K-shell x-ray transitions of Ti!®** and Ti?®* excited by an electron beam
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The x-ray spectrum of heliumlike %" excited by a monoenergetic electron beam was measured at an
energy just above the electron-impact excitation thresli¢800 eV} with a pair of polarization-sensitive
spectrometers. Values for the linear polarization were inferred for $8p 1P, — 152 'S, resonance line, the
1s2p 3P;—1s? 1S, intercombination line, the €2p3P,—1s?1S; magnetic quadrupole line, and the
1s2s3S,—1s% 1S, forbidden line, as well as for thes2s2p 2P4,— 15?25 2S,,, resonance line in #*.
Relativistic distorted-wave calculations of the magnetic sublevel-specific electron-impact excitation cross sec-
tions are presented for comparison. Combined with earlier measurements of iron, the results confirm the
predictedZ dependence of the polarizatidi$1050-29479)07611-§

PACS numbgs): 34.80.Kw, 32.30.Rj, 32.70.Fw, 52.70.La

. INTRODUCTION 1s2s 35, —1s° 1S, forbidden line, labeledy, y, x, and z,
respectively, in standard notation. The present measurement
It has been shown that the polarization properties of x-raysonfirms and extends the earlier measurements 6éf*Fe
lines can provide an important diagnostic tool for determin-gjong the isoelectronic sequence. This is especially important
ing anisotropic electron distributions or even the presencgor the intercombination line. Its polarization is strongly af-
and direction of beams in such high-temperature plasmas agcted by relativistic affects in this range of atomic number
the Sun[1,2] and, more recently, laser-produced plasmasyhere calculations rely on intermediate coupling. The
[3,4]. X-ray polarization diagnostics are playing an increas-present measurement also includes a determination of the
ingly important role in the understanding of ultrashort-pulse1sps2p 2p,,— 15225 2S,, transition in lithiumlike T,

laser matter interactions, where calculations show that a sulpapeledq, with a smaller uncertainty than the only previous
stantial fraction of the laser energy is deposited in electrofneasurement of lithiumlike E&" [18].

beamg5].

Despite its diagnostic utility, the use of x-ray polarization
spectroscopy is still very much in its infancy. The reason is
the complexity of the calculation and the lack of experimen- Like previous measurements of the linear polarization of
tal verification of theoretical predictions in a controlled set-x-ray lines, the present measurement of titanium was carried
ting. Detailed calculations of the polarization properties ofout using an electron beam ion trap. The source uses a mo-
x-ray lines produced by directional electrons have been madeoenergetic electron beanmg~10%cm~3) to excite ions
mainly for K-shell transitions in one- or two-electron ions confined in an electrostatic trap. This arrangement maxi-
and have been limited to electron-impact excitafid6—9. mizes the linear polarization of the emitted x-ray lines and is
In a few cases, predictions of the linear polarization of x-rayoptimal for testing theoretical predictions.
lines excited by effects of resonant excitation by an electron The K-shell x-ray lines of Ti°" were analyzed in the
beam[10], radiative recombinatiofil 1], and dielectronic re- plane perpendicular to the electron beam direction, i.e., at an
combination[12—15 have been made. Experimental tests ofobservation angle?=90° relative to thez axis. At this ob-
these calculations are almost nonexistent, since facilities caervation angle, the polarizatidhis defined in the terms of
pable of measuring the degree of polarization of an x-ray linghe fractional difference between the intensity of light with
from a highly charged ion excited by an electron beam in aelectric field vector parallel to the beam directitp, and the

controlled laboratory environment have only recently be-intensity of light with electric field vector perpendiculdr,,
come available. Measurements are limited to the12

K-shell transitions of heliumlike S8 [16], heliumlike =1,

Fe* [17], and lithiumlike F&* [18], and selected 32 Pl (2.3)
L-shell transitions of lithiumlike Fé" and neonlike B¥*

[19,20. More experimental tests are needed to verify andrhe intensity of an x-ray line observed with a crystal spec-

stimulate theory and to advance the field of x-ray-basedrometer at 90° to the beam direction can be written as
plasma polarization diagnostics.

In the following we present a measurement of the linear 1PS=RyI |+ R, I, . (2.2
polarization of theK-shell transitions of F’". The mea-
sured lines comprise thes2p 'P;— 1s? 'S, resonance line, Here,R andR, are the integrated crystal reflectivities for x
the 1s2p °P,—1s? 1S, intercombination line, the rays polarized parallel and perpendicular to the electron
1s2p 3P,—1s? 'S, magnetic quadrupole line, and the beam directions, i.e., perpendicular and parallel to the plane

Il. EXPERIMENTAL PROCEDURE
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of dispersion, respectively. The relative reflectivitg TABLE |. Total cross sectiornr,, and fractional population
=R, /R depends on the Bragg angfe This fact is used to density o,, of magnetic sublevein for_ elegtron—impact excitation
determine the polarization of a given x-ray line by employ-from the 1s* 'Sy ground state of heliumlike #{* at an electron
ing the two-crystal measurement technijié] to determine ~ €nergy of 4800 eV. Numbers in brackets denote powers of ten.
Iy andl, , and thusP. One spectrometer employs aZ0)

crystal observing a nearly pure polarization state, i.e., only "mn;g'
|, at a Bragg angle of=43.1°; the second employs a Level (cnm) %o Tx1 T2
Si(111) crystal observing a mixture of polarization states ata  1s2p 1p, 7.50—22] 0.672 0.164
Bragg angle of§=24.7°. The crystals behave like perfect 1s2p 3P, 7.70-23]  1.000
crystals and the corresponding valuesPfare 0.029 and 1s2p %P, 2.49-22] 0.198 0.401
0.579, respectively21]. o 1s2p 3P, 37q-22] 0318 0259  0.082
The two-crystal technique allows the determination of the 1525 1S, 2.61-22] 1.000
polarization of any given line provided it can be referenced 1525 %S, 1.29-22] 0333 0333
to a line with a known degree of polarization. The intensity ' i i
ratio of two linesa andb observed with crystal 1 is given by
12 12+ Ry 12 12 174+ R,I2
—| ==, 2.3 —| === (2.4)
P11+ Ral? ], IJ+Ral?}

Here, we assumed thR=R, /R is constant in the range of Making use of Eq(2.1) and combing Eqgs(2.3) and(2.4),
Bragg angles spanned by the two lines. Similarly, the ratio ofve can express the polarizatiéh, of line a in terms of the

the two lines observed with crystal 2 is polarizationP, of line b:
P r P mye - S| (14 R, 2P Ry 1
I +11+—Pb(z+)|—b +21+—Pb(1+)
1 2
a~ 1, a . (2.5
L4+R =) (Ry—1 14 Ry 2| (R,~1
I—bl+1l+—Pb(z—)—l—bz+zl+—Pb(1—)

All lines in the heliumlike system have varying degrees of polarization, and normalization to a reference standard with a
known degree of polarization is not readily possible. However, we can make use of the fact that near threshold for electron-
impact excitation the polarization of the forbidden limds completely determined by that of line because of cascade
contributions from the 42p 3P, level, as discussed in RdfL7]. The expression for the polarizatid, of line z in terms of

the polarizationP, of line x is [17]

3kP

P, X . 2.6
+3\/5_/7—PX(\/5_/7+k) 28

Here, the factok is given by

. \ﬁ Broioaf 152p *Py) -
20 g1 1525 3S)) + 0oral( 152p *Po) + By Tioral( 152p °Py)

where 3,=0.2987 is the branching ratio foiP,— 3S; de-  tion of the magnetic sublevels of eaoh=2 level obtained

cay [22] and o, denotes the total excitation cross sectionffom the relativistic distorted-wave computer code de§cribed
for the respective levels. in [7]. Therefore, the value dfdepends only o, . We find

In Ref.[17] it was shown that the cross section for popu—k:0'2106'

. . . Alternatively, the 52s2p 2P,,—15%2s2S,,, line la-

3 ’ 1/2 1/2
lating the “P, Ie3ve| remalgs constant refative to that for o104 couiq be used for normalization. Because it emanates
populating the °P, and °S; levels so that the ratio

3 3 3 3 , from an upper level with total angular momentum 1/2, its
Trotal “P2) /[ Ototal *S1) + O total*Po) T Tiota*P2) ] remains  poarization is strictly 0 and represents a perfect reference
constant at a value of about 0.645. This is borne out by th@ine. The line is, however, too weak for reliable normaliza-
detailed values given in Table | for electron-impact excita-tion.
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250 [(TTTTTTTTIITITI T T TABLE Il. Intensities (adjusted for the spectrometer response
function) and inferred linear polarization of the heliumlike lines
200 X, ¥, andz and of the lithiumlike lineq measured with $220) and
Si(112) crystals. Theoretical polarization values are given for com-
8 150 parison.
5
8 100 Si(220  Si(11)) Predicted Measured
Line lon (count3 (count$ polarization polarization
50
w  Ti®" 18976 1820  +0.608  +0.43' 9%
0 x  Ti?®" 3628 185 -0.519  -0.485%
3000 y Ti®" 4468 268 -0.339  -0.33°3%
z Ti® 6511 470 -0.106  —0.101°3313
2500 q T 5999 569  +0.341  +0.40°0%
2000
(2] . . . n
€ the electrons had no perpendicular velocity. The polarization
5 1500 0 . :
8 P" in the case oE, =0 is related to the measured polariza-
1000 tion [19,25 as
500 o 2P
P = (3.1
0 2_EL(3_P)/Ebeam

2.60 2.61 262 263 264 2.65 2.66

for the electric dipole transitions andy. This expression
Wavelength (A)

also holds for the magnetic quadrupole transitipas its set
FIG. 1. Crystal-spectrometer spectra of lings, y, andz in of ori_e_ntation parameters rgsembles those of_ ele_ctric dipole
heliumlike T?%* and linesg andr in lithiumlike Ti'% excited by a tr_a_nsmo_ns[l?]. The expression for the magnetic dipole tran-
4800-eV electron beanfa) Spectrum obtained with a @20 crys- ~ SIlON Z1s
tal at a Bragg angle of 43.1¢b) spectrum obtained with a @il1) op
crystal at a Bragg angle of 24.7°. Unlabled features are inner-shell pO= _
satellites from lower charge states. 2—E, (3+P)/Epeam

(3.2

lIl. RESULTS 0.8 3 ' %

The spectra obtained simultaneously with the two spec- w('P) %
trometers are shown in Fig. 1. The titanium ions were ex- 0.4

cited about 100 eV above the direct electron-impact excita-
tion threshold E.,,= 4800 e\j. The four transitionsv, X, y,
andz are clearly seen, as is lithiumlike lirge A few weaker,
unlabeled lines populated by inner-shell excitation of lithi-
umlike Ti**" and berylliumlike T®" are also seen. 0.4 [V v

A von Hamos—type bent-crystal spectromti23] was - «CP) -
used for the §220) measurement. A flat-crystal spectromter | , |
[24] was used for the §111) measurement. The higher effi-
ciency and resolving power of the bent-crystal spectrometer 0.8 ' ‘ '
is evident from the spectra in Fig. 1, and the statistical accu-
racy is limited by the flat-crystal spectrum.

Comparing the two spectra, clear differences in the rela-
tive line intensities are found. The ratio of the?¥i triplet
lines to the singlet line is considerably larger in the spectrum 0.0
obtained atf#=24.7°. This immediately indicates that the ; ! ‘
triplet lines have polarizations opposite to that of lime 15 20 25 30 35

A listing of the measured intensities of the heliumlike and Atomic number
lithiumlike transitions is given in Table Il. From these we

- _ +0.14 _ +0.06 _
deternllgg PW__ +O'40_00%1’4 Pu _0'44_0'%?'0_15 Py="" intercombination linesc and y, and the forbidden line. Nuclear
_0-39—0:07’ PZ___O'OQKO.OB’ a_nd Pq_ +0.37 o0 The_ effects, important for ions with a finite magnetic moment, are not
error limits are given by a combination of the 68% statisticaliaken into account. The values measured ffTare represented
confidence limits in the measured intensity of each line anghy solid symbols. Open symbols represent earlier measurements
the uncertainties inherent in the crystal reflectivities. reported in Refs[16] and[17]. Bottom: Predicted polarizations of
Because the electrons have a small but finite thermal enne resonance ling. The value measured for i is represented
ergy E, in the plane perpendicular to their propagation, theby a solid circle. The open circle represents the earlier measurement
measured polarization is somewhat less than it would be ibf Fe?** reported in Ref[18].

0.0 """7'7"';:;:;':_:'

Polarization

Polarization

) S S j
{

FIG. 2. Top: Predicted polarizations of the resonancewnte
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The amount of thermal energy depends on such paranef iron [17], the present measurement confirms the predicted
eters as the amount of beam compression or the tuning of theariation in the polarization of lineg andz as a function of
magnetic field at the cathode region of the electron gunatomic number. For ling this variation is the result of rela-
From the beam compression ratio, we estimated earlier &vity that mixes the triplet and singlet levels. For linghe
value of 113-100 eV[17]. Recent measurements have indi- variation is caused by the change in the population dynamics
cated values as high as 250 eV. Adjusting for a 250 e\entailed by changes in the radiative branching ratio of the
thermal component provides the polarization values listed iris2s P, level.

Table II. The values are only marginally different from the  Figure 2 also provides a comparison with theory of the
unadjusted values, showing that precise knowledge of thpolarization measured for the lithiumlike liree Combined
thermal component is not important given the statistical unwith the earlier datum from Ref18] for iron, the new datum
certainties. Table Il also lists the polarization values calcufor titanium confirms the predictions that, in the rangeZof
lated from the theoretical cross-section data in Table I. Theshown, the polarization of the lithiumlike resonance line re-
polarization calculated for ling is based on our calculation mains constant.

of the magnetic cross sections. ;,=1.815< 10 ?>cm™?

and o . 5,=5.834<10 2cm 2.
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